Following the emergence of a new variant of Creutzfeldt-Jakob disease (vCJD) 6 years ago, and the gradual rise in clinical cases, there has been increased speculation regarding the overall magnitude of this epidemic in Great Britain. In this paper, we explore the epidemiological factors and uncertainties determining the scale of this epidemic in light of the most recent data on reported vCJD mortality. Our results demonstrate that, while the magnitude of the uncertainty has decreased dramatically since 1996, it is still not possible to predict with any degree of accuracy the final magnitude of this epidemic, with the 95% confidence interval for future cases being from 10 to 7000 deaths. However, short-term projections show that it is unlikely that a dramatic increase in case numbers will be observed in the next 2-5 years (95% confidence interval for 2 years: 10-80 cases, for 5 years: 10-200 cases). The results confirm significant age-dependent susceptibility/exposure to infection, with the likelihood profile demonstrating that those aged between 10 and 20 years are at highest risk of infection. We also demonstrate how projections based on onset data may be substantially biased, and explore the sensitivity of results to assumptions concerning the exposure to bovine spongiform encephalopathy (BSE) and the incubation-period distribution.
INTRODUCTION
Following the widespread exposure of the UK population to bovine spongiform encephalopathy (BSE)-infected meat in the late 1980s and early 1990s (Wilesmith et al. 1991; Anderson et al. 1996) , and the emergence of a new variant of Creutzfeldt-Jakob disease (vCJD) in 1996 , there has been growing speculation about the potential scale of infection and the future spread of this new disease. By the end of 2002, 129 cases of vCJD had been diagnosed in the UK, and eight of the patients were still alive. In addition, three cases have been confirmed in France (with a further two probable cases in patients who remain alive) (http://www.invs.sante.fr) and one in the Republic of Ireland, confirming fears that exposure to BSE-infected material may have been more widespread than originally thought. The relatively small number of vCJD cases diagnosed to date and the many biological and epidemiological uncertainties surrounding this new disease make prediction of the future course of the epidemic difficult. Because of the long incubation period of the disease (which may be of the order of 15-30 years or longer) and our still-limited understanding of disease pathogenesis and the factors determining susceptibility, it is not possible to estimate the prevalence of infection in the population from the vCJD case data alone. Thus, in the absence of a sensitive and specific test for asymptomatic infection, predictions of the potential scale of this epidemic must rely on statistical modelling that incorporates the many uncertainties surrounding the biology and epidemiology of the disease. A similar problem was encountered early in the HIV/AIDS epidemic, with various statistical methods and mathematical models of transmission used to gain a better understanding not only of the potential scale of any epidemic, but also, more importantly, of the key unknowns that needed to be resolved to reduce the uncertainty in epidemic predictions (Anderson et al. 1989) .
Much progress has been made recently in understanding the biology of transmissible spongiform encephalopathy (TSE) diseases in general and vCJD in particular. For example, more sensitive methods are now available to detect the abnormal form of the prion protein (PrPSc) in different tissues (in particular, lymphoreticular tissues), potentially allowing the detection of infection prior to the onset of clinical symptoms (Hill et al. 1999; Maissen et al. 2001; Wadsworth et al. 2001) . Three large-scale studies testing tonsil and appendix tissues are currently underway in the UK to determine the prevalence of asymptomatic infection (Hilton et al. 2002) . In addition, future studies are planned in Switzerland (which experienced an epidemic of BSE in cattle ca. 3 years later than the UK; Doherr et al. 1999 ) and the Republic of Ireland. These studies will provide much-needed estimates of the infection prevalence in the various populations, although the unknown sensitivity and specificity of the tests at different stages of the incubation period will necessitate careful interpretation of any results. In addition, it is not currently known what proportion of infected individuals will develop clinical disease. In particular, such studies will provide the only means by which the potential for ongoing secondary transmission of infection from human to human (for example, through surgical instruments or via blood products) can be assessed.
We explore how the predictability of the vCJD epidemic has changed over the past 4 years and the epidemiological factors that will determine the future course of the epidemic.
vCJD EPIDEMIOLOGICAL DATA
By the end of December 2001, 113 cases of vCJD had been diagnosed in the UK, and nine of the patients remained alive (http:\www.doh.gov.uk/cjd). A further three cases had been confirmed in France and one in the Republic of Ireland. All cases in the UK are defined based on a set of diagnostic criteria (including progressive neuropsychiatric disorder) and are confirmed only at postmortem by neuropathology . From mid-1999 onwards, the epidemiological statistics were widened to include 'probable' cases defined on the basis of a set of diagnostic criteria and, where available, a positive tonsil biopsy, these 'probable' cases are included as such until definite diagnosis is made at post-mortem. A small number of cases are never confirmed pathologically because a post-mortem examination does not take place, but are included in the case statistics. However, all probable cases that have had a post-mortem examination have been confirmed neuropathologically. Figure 1a shows the time-series of the UK cases stratified by year of onset of symptoms (including all probable cases) and year of death (including probable cases awaiting post-mortem confirmation). There is, in general, a delay between the onset of clinical symptoms and the reporting of a probable case, with a median duration of 13 months and a maximum of 39 months. The reported onsets for 2000 and 2001 (as reported by the end of 2001) are therefore almost certainly incomplete. Figure 1a also shows the reported number of onsets for 2000 adjusted based on the reporting delay for 1999. As only one case had been reported by the end of 2001 with onset in 2001, we consider the onsets only to the end of 2000. By contrast, there is no significant delay in reporting for deaths since the majority of cases now enter the statistics as probable cases while the patient is still alive. Figure 1b shows the age distribution at onset and death of the UK cases. The median age is 26 years at the onset of symptoms and 28 years at death. The substantial number of younger cases indicates that younger individuals are more susceptible to infection, or were exposed to a greater extent and/or have shorter incubation periods (Ghani et al. 2000a) . The age distribution of the cases has remained remarkably stable over the past 5 years, with little change in the median age either at onset of symptoms or at death.
To date, all of the tested cases (n = 87) have shared a common genetic trait, being methionine homozygous (MM) at codon 129 of the prion protein (PrP) gene (The National CJD Surveillance Unit 2000). Studies in Caucasian populations estimate that ca. 40% of the population share this trait, with 13% being valine homozygous (VV) and the remaining 47% heterozygous (MV) (Owen et al. Proc. R. Soc. Lond. B (2003) 1990; Collinge et al. 1991) . A more recent study has demonstrated a decreased risk of vCJD in those with HLA-DQ7 type ( Jackson et al. 2001) . While it is not at present known whether there is any correlation between codon 129 genotype and this HLA type, these new results suggest complex genetic (i.e. multigene) determinants of patterns of susceptibility and potentially pathogenesis for this class of diseases.
Spatial analyses indicate that the incidence of vCJD in the UK is significantly higher in the north than in the south . These analyses have also identified a geographical cluster of five cases of vCJD, all of which could be linked to the village of Queniborough in Leicestershire . A detailed local investigation into this cluster revealed that four of the patients had consumed beef purchased from one of two local butchers during the early 1980s (Bryant & Monk 2001) . Both of these butchers slaughtered animals on site using traditional practices and hence it is possible that meat sold by these butchers could have been infected with the BSE agent through contact with brain or other centralnervous-system tissue. A test of significance indicated that these patients were significantly more likely to have consumed meat purchased from one of these higher-risk butchers prior to 1986 than were controls (Bryant & Monk 2001) , potentially therefore providing some information on the incubation period of the disease in this small number of cases.
MODEL FRAMEWORK AND STATISTICAL METHODS
A time-and age-stratified mathematical model of the transmission dynamics of vCJD is used to relate the exposure of the population to BSE-infected meat products to the observed incidence of vCJD. Given the current lack of data with which to estimate the prevalence of asymptomatic infection, we restrict our analyses to consideration of primary transmission from cattle to humans, and do not consider the theoretical risks of secondary transmission from humans to humans (for example, through blood products or via surgical instruments). Full details of this model have previously been published (Ghani et al. 1998a (Ghani et al. , 2000b . In brief, the probability that an individual develops clinical disease (defined by either onset of symptoms or death) at time u and age a is given by
where S(a) is the survival probability, f (u) is the incubationperiod distribution and ␤ is the transmission coefficient. The exposure hazard I (t,a) is given by
Here, (t) is the effectiveness of control measures (namely the specified bovine offal ban in 1989, which is allowed to vary between being 0 and 100% effective), g(a) is an age-dependent susceptibility/exposure function, ⍀(z) is the relative infectiousness of bovines over the course of their incubation period and w(z,t) is the proportion of cattle slaughtered at time t and time z away from disease onset. This model is equivalent to a more complex dose-dependent model (Ghani et al. 1998a ) if we assume a linear dose-response curve (Diringer et al. 1998; McLean & Bostock 2000) . This simplification considerably reduces the computational complexity of the model. The expected number of cases (onsets or deaths) at time u and age a is given by
where r(u) is the probability that a case arising at time u is reported and B(u Ϫ a) is the number of individuals born at time u Ϫ a. When fitting to the vCJD deaths, we assume that r(u) = 1 for all values of u. For vCJD onsets, we assume that the reporting delay for cases with onsets in 2000 is similar to that for cases with onsets in 1999, and therefore set r(2000) = 0.84 and r(u) = 1 otherwise. The model is fitted using maximum-likelihood methods to the time-and age-stratified vCJD onsets or deaths, assuming that the data arise from a Poisson distribution. The individual cases are categorized into cells with at least five observations in each. The best-fit point is that which maximizes the log likelihood (LnL), or equivalently minimizes
where x(u,a) is the observed number of cases at time u and age a. For any model parameter, maximum-likelihood confidence intervals are obtained using likelihood ratio tests. Nonlinear optimization techniques are used to fit the model (Press et al. 1992 ) using custom-written code. An intensive search of parameter space was performed, fitting from multiple starting points and restricting parameter bounds, to ensure that the best-fitting models were obtained.
To enable confidence intervals to be calculated for the projected number of cases, it was necessary to re-parameterize the model such that the expected number of cases between times u 1 and u 2 , T(u 1 ,u 2 ), became a model parameter. Combining equations (3.1) and (3.3), T(u 1 ,u 2 ) is given by
(3.5)
If infection incidence is very low within any given cohort, the saturation factor for the hazard function can be ignored, so that equation (3.5) simplifies to give:
However, in general, given the uncertainty in the scale of the vCJD epidemic (and that many scenarios that are consistent with the vCJD case data have saturation within cohorts), approximation (3.6) is not valid. For any proposed parameter set, equation (3.5) was therefore solved numerically to calculate ␤. If no solution was possible (for example, if the proposed parameter set generated fewer infections than the required epidemic size) then the proposed point in the optimization routine was rejected.
The results from the model are sensitive to the assumptions made regarding the exposure to BSE-infected material, w(z,t). In our early work, we assumed that this exposure is proportional to estimates of the numbers of BSE-infected preclinical cattle that entered the British food supply from 1980 onwards (Ghani et al. 1998a (Ghani et al. , 2000b . However, prior to BSE becoming a notifiable disease in 1988, it is possible that clinical cases (both those observed and those not reported) may have entered the food supply. Sensitivity analyses have demonstrated that inclusion of estimates of the number of BSE cases prior to 1988 does not substantially alter short-and long-term projections of the future magnitude of the epidemic (Ferguson et al. 2002) . Our analyses are therefore based on estimates of exposure (using British BSE case data to August 2001) to preclinical infected animals, numbers of clinical BSE cases reported prior to mid-1988 and estimates of unreported cases (see figure 1c) .
Other recent studies estimating the potential scale of the vCJD epidemic in Great Britain have based exposure on BSE clinical cases (using either the actual number of cases (Huillard d' Aignaux et al. (2001) ), or a simplified exponential function (Valleron et al. (2001) )). The use of reported BSE cases is a poor proxy measure for exposure to BSE since there is likely to have been substantial early underreporting of BSE cases. In a later section, we explore the sensitivity of results to the assumptions made regarding exposure to infectious cattle.
Pathogenesis experiments in cattle have indicated that BSE infectivity is most widely distributed in the carcass towards the end of the incubation period (Wells et al. 1994 (Wells et al. , 1998 . We therefore model the relative infectiousness of cattle at different stages of incubation assuming that infection increases exponentially towards the end of the incubation period. Clinical BSE cases (including those reported prior to mid-1988 and unreported cases) are assumed to be as infectious as those preclinical animals within six months of the onset of disease. While the parameter for this exponential increase is fitted in the model, the results are fairly insensitive to its value.
The stable age distribution of the cases suggests that younger individuals are either more susceptible to infection or were exposed to a greater extent and that it is unlikely that this age distribution arose from an age-dependent incubation period alone (Ghani et al. 2000a) . This is because, under the latter hypothesis, we would expect an increasing age distribution over time, and hence models without age-dependent susceptibility or exposure do not provide good fits to the data. We explored a number of different parametric forms for the age-dependent susceptibility/exposure function, including uniform, normal and Proc. R. Soc. Lond. B (2003) gamma distributions. The best-fitting distributional form is a three-parameter combined uniform distribution with gammadistributed tails, which, at its limits, is either the uniform or the gamma distribution.
The functional form of the incubation-period distribution is informed by patterns observed for other TSEs. In particular, for other human TSEs it is known that the incubation period is generally long (in the order of 10-40 years plus) and highly variable (Huillard d'Aignaux et al. 1999 Brown et al. 2000) . For many TSEs, including BSE, there is a minimum incubation period so that functional forms must allow for a substantial delay following exposure to infection prior to the onset of clinical symptoms of vCJD (Asher et al. 1973; Anderson et al. 1996) . Since the standard statistical survival distributions (including the Weibull, gamma and lognormal distributions) have restricted higher moments (skewness and kurtosis), we use a modified form of the four-parameter generalized lambda distribution (Ramberg et al. 1979 ) (with inverse cumulative distribution function
. This distribution is more flexible than distributions based on standard functional forms, and incorporates all of the standard functional survival distributions as special cases. We also explore the sensitivity of results to assumptions regarding the functional form of the incubation-period distribution.
Since vCJD cases have been diagnosed only in those who are MM-homozygous at codon 129 of the PrP gene, we restrict our analyses to this proportion of the population. Those with other genotypes may also develop disease in the future; however, we are unable to constrain scenarios in these other genotypes and hence the epidemic remains unpredictable in these genotypes. However, if other genetic characteristics also influence susceptibility to infection, it is possible that the size of the susceptible population may be smaller than the 40% assumed. We therefore examine the sensitivity of our results to this proportion.
PREDICTABILITY OF THE MAGNITUDE OF THE EPIDEMIC
The long-term scale of the vCJD epidemic remains uncertain, with wide confidence bounds obtained for projections to 2020, 2040 and 2080 (table 1). The 95% upper confidence bound on these projections varies substantially depending on whether the model is fitted to the onset data or to deaths, with an upper value of 40 000 (for vCJD cases to 2080) obtained in the former case and 7000 in the latter. In the absence of any treatments that improve survival, as is currently the case, the time-series for deaths is not influenced by changes in awareness or reporting of the disease, although it may be susceptible to other biases, such as families seeking medical support to keep their relatives alive. By contrast, the onset data can potentially be influenced by increased awareness of the symptoms of the disease, which is likely to result in earlier reporting of the onset of symptoms. Figure 1d shows the variation in the time between onset of symptoms and death by year of onset of symptoms. This variation, which may be a consequence of variability in the infection process and/or indicate changes in reporting, results in a difference in the time-series for onsets and deaths, which in turn may bias projections based on onset data. A further complication in fitting to onset data is the delay in reporting. For example, 20% of onsets in 1999 were reported in the same year, 64% the following year, and the remaining 16% in 2001. To make projections based on onset data, it is therefore important to include some adjustment for this reporting delay (Andrews et al. 2000) . It is likely, however, that this reporting delay may change over time and hence projections based on onset data may be biased. Therefore, while the onset data remain important since they provide earlier information on the pattern of the epidemic, current projections based on onset data may be severely biased. Figure 2a -c shows the likelihood profile for the longterm projections based on fitting to deaths. The maximum-likelihood estimate (MLE) for future case numbers is small (80 cases to 2080). However, the relatively flat profile demonstrates that maximum-likelihood estimates for vCJD projections must be interpreted with caution, since many scenarios with a much higher number of cases also fit the data and are well within the 95% confidence interval (10-7000 deaths). In this context, it is also important to note that any future data that exclude epidemic scenarios in the vicinity of the current MLE may result in increases in the upper 95% confidence bound on epidemic size.
While these results continue to demonstrate great uncertainty in the future magnitude of the epidemic, they also demonstrate a substantial reduction in this uncertainty over the past 4 years. Figure 2d shows the 95% confidence intervals on cases to 2080 obtained by fitting to the case data (deaths) to the end of 1998, 1999, 2000 and 2001 . In our previous analyses (Ghani et al. 1998a (Ghani et al. , 2000a , ranges of epidemic sizes consistent with the data Proc. R. Soc. Lond. B (2003) were based on scenario analyses and hence are not directly comparable to the results presented here and in more recent analyses (Ferguson et al. 2002) . Although the trend of decreasing uncertainty is the same, and a similar order of magnitude in ranges is obtained, the scenario analyses used in earlier publications (Ghani et al. 1998a (Ghani et al. , 2000a give slightly wider bounds. It is not possible, a priori, to predict which of the two different statistical methods would give wider bounds, and different results may be obtained for other problems. When the data are very limited (as was the case early in the epidemic), fitting methods are inappropriate as similar fits can be obtained from a large number of different scenarios, and hence identification of the best-fitting model is difficult. However, when sufficient data become available, maximumlikelihood fitting methods are more efficient and allow estimation of parameters of interest (such as future case numbers and the mean incubation period).
Over the past 4 years, the upper 95% confidence bound on future cases to 2080 has decreased from approximately half a million cases (representing very high uncertainty) to 7000 cases. This decrease largely results from the observed epidemic curve being less steep than would be required to generate the largest epidemic scenarios. However, the confidence interval has also been informed by the stable age distribution of cases, which suggests that there are restricted cohorts of younger individuals who are more susceptible to infection and/or were exposed to a greater extent (Ghani et al. 2000a) . Investigation of the geographical cluster of cases in Queniborough, Leicestershire, suggested additional information on the incubation period of three cases of vCJD (Bryant & Monk 2001) . By constraining the model to be consistent with these three cases becoming infected prior to 1986, the upper 95% confidence interval on the longterm scale of the epidemic is marginally increased to 8000 cases. Table 1 shows the projections of numbers of cases in the next 2, 5 and 10 years. The results demonstrate the slow course of any epidemic, such that even in the worstcase scenarios, it is now unlikely that a very large increase in case numbers will be seen in the short-term.
PATTERN OF EXPOSURE TO INFECTIOUS CATTLE
Projections of the future course and pattern of the vCJD epidemic rely on the pattern of exposure to BSE-infected cattle in the 1980s and early 1990s, without which it would be impossible to make any projections. Figure 1c shows the pattern of exposure to BSE cases and infected animals, with the number of the latter based on updated estimates obtained from a back-calculation model for BSE (Anderson et al. 1996; Ferguson et al. 1997) . In previous analyses, we assumed that exposure was proportional to the number of preclinical infected animals entering the food supply. However, it is also possible that BSE clinical cases entered the food supply prior to BSE becoming a notifiable disease in 1988. Inclusion (or exclusion) of these animals in the exposure function does not alter either the likelihood profiles obtained or the 95% confidence intervals on future epidemic size.
Three recent papers (Cousens et al. 1997; Huillard d'Aignaux et al. 2001; Valleron et al. 2001) projecting the future scale of the vCJD epidemic have used cruder assumptions about exposure, based on the pattern of BSE clinical cases reported and not accounting for the substantial number (ca. 750 000 animals prior to 1996; Anderson et al. 1996; Ferguson et al. 1997 ) of pre-clinical infected animals that entered the food supply. While these cruder assumptions influenced the results obtained in the past, with narrower confidence intervals obtained on long-term projections, the results are now less sensitive to the assumptions made regarding exposure, suggesting that more information is now being derived from the pattern of vCJD deaths.
EPIDEMIOLOGICAL DETERMINANTS OF THE COURSE OF THE EPIDEMIC (a) Incubation-period distribution
In the absence of knowledge of the protective effect of the species barrier and thus the infectious dose for humans, the incubation period of the disease becomes the major determinant of the future course of the epidemic (Cousens et al. 1997; Ghani et al. 1998a) . Some parallels can be drawn with other human TSEs, such as sporadic CJD and kuru, which demonstrate long and variable incubation periods. However, direct comparison cannot be made since oral transmission (compared with intracerebral for iatrogenic CJD) and the species barrier (which is absent for kuru) have both been demonstrated to lengthen and increase variability in the incubation period in animal experiments (Kimberlin & Walker 1978; Diringer et al. 1998) . Figure 3a shows the univariate-likelihood profile for the mean incubation period. This demonstrates that the case data to the end of 2001 do not allow any estimate of the upper bound on this parameter to be made. However, the delay between exposure (which peaked in the late 1980s-early 1990s) and the appearance of the first clinical cases in 1994-1995 results in a lower 95% confidence bound of 7 years. Including the additional restriction of at least three cases infected prior to 1986 (as suggested by the Queniborough cluster) increases this minimum bound to 10 years.
The relationship between the mean incubation period and the magnitude of the epidemic is illustrated in figure  3b , which shows the bivariate-likelihood profile for mean incubation period and vCJD deaths to 2080. If the incubation period is relatively short (in the region of 10-20 years), then the confidence interval for future cases is narrow. By contrast, for longer mean incubation periods, the potential scale of the epidemic is both larger and more variable. It is important to note that we are assuming that only individuals who are MM at codon 129 of the PrP gene are at risk of developing vCJD. Other genotypes may have longer incubation periods, as suggested by recent studies of kuru (Huillard d'Aignaux et al. 1999 Brown et al. 2000) .
Projections of the long-term scale of the epidemic are also highly sensitive to the parametric form assumed for the incubation-period distribution. Clearly, if the incubation-period distribution is multimodal (as could potentially occur with wide-scale genetic variation in susceptibility), then the scale of the epidemic could be much greater than presented here. However, restricting analysis to the standard survival distributions with more restricted higher moments (including the gamma, lognormal and F distributions; Cousens et al. 1997; Huillard d'Aignaux et al. 2001; Valleron et al. 2001) in general results in narrower 95% confidence bounds on projections (see table 1), in addition to influencing the confidence intervals obtained for other parameters (such as the effectiveness of the specified bovine offal ban). of cases could not have arisen without some form of agedependent susceptibility and/or exposure to infection. In most epidemiological studies of infectious diseases it is not possible to disentangle the relative contributions of susceptibility and exposure on the basis of reported age distributions of disease incidence, unless additional independent information (such as dietary patterns, which are currently being studied) is available on either variable. Figure 4 shows the maximum-likelihood estimate of the pattern of age-dependent susceptibility/exposure to infection. The results demonstrate that those between ca. 10 and 20 years of age are most susceptible/exposed to infection, with those over 40 years old being much less susceptible/exposed. This pattern of age-dependent susceptibility/exposure restricts the scale of the epidemic by restricting the extent of infection in older individuals. However, even for smaller epidemics, it does not totally proportion of infectivity removed by the specified bovine offal ban fit of the model (-2LnL) 0.6 0.8 1 Figure 5 . Univariate-likelihood profile for the effectiveness of the specified bovine offal ban introduced in June 1989. The bold line shows the cut-off corresponding to the 95% confidence limit (based on the maximized log-likelihood and one degree of freedom).
exclude the possibility of cases arising in older individuals, as evidenced by the case diagnosed in a 74-year-old man (Lorains et al. 2001) . The pattern of age-dependent susceptibility/exposure is important to the design and interpretation of large-scale unlinked anonymous testing programmes for the prevalence of infection, particularly if the tests are less sensitive early in the course of infection. While a random survey of the population is necessary to provide an estimate of the prevalence of infection in different cohorts, surveys targeting those at greatest risk are most likely to obtain a positive result and hence reduce the current uncertainty in the scale of the epidemic (Ghani et al. 1998b (Ghani et al. , 2000a .
(c) Effectiveness of the specified bovine offal ban
The specified bovine offal ban introduced in mid-1989 was designed to remove the potentially most infectious material (including brain, spinal cord and other central nervous tissue) from the human food supply. However, because of difficulties in establishing compliance with this order and because additional tissues, such as dorsal root ganglia, later shown to infect mice were not banned in 1989, it is likely that this measure was not 100% effective in removing infectious material from the food chain. . Univariate-likelihood profiles for the number of vCJD deaths to 2080 for varying assumptions regarding the proportion of the population that is genetically susceptible to infection. The bold line shows the cut-off corresponding to the 95% confidence limit (based on the maximized loglikelihood and one degree of freedom). 5% susceptible, filled triangles; 10% susceptible, grey squares; 40% susceptible, grey diamonds.
effective, the 95% confidence interval ranges from 0% to 100% effective, demonstrating that epidemiological analysis is unable, at the current time, to provide any information on the effectiveness of the specified bovine offal ban.
(d ) Genetic susceptibility to infection
Recent studies have indicated that there may be substantial genetic variation in susceptibility to TSE infection and disease pathogenesis (Windl et al. 1996; Jackson et al. 2001; Lloyd et al. 2001) . In the absence of detailed information on the relative susceptibility to infection of those with different genetic characteristics together with population-based surveys of these characteristics, it is not at present possible to explore, in detail, the influence of this variation on projections. However, figure 6 shows the likelihood profiles obtained assuming that the cases arose from different proportions of the population (5, 10 and 40%). The results show that the projections of the scale of the epidemic are robust to this level of variation in susceptibility.
CONCLUSIONS
The magnitude of the vCJD epidemic in the UK remains uncertain, with wide confidence intervals obtained for long-term projections of future case onsets and deaths. However, the relatively low annual incidence of cases recorded over the past 5 years has substantially reduced the previous uncertainty in the scale of the epidemic in the known genetically susceptible population, with a reduction in the upper 95% confidence interval from approximately half a million deaths, based on projections made in 1998, to 7000 based on deaths to the end of 2001. Shorter-term projections of the scale of the epidemic currently exclude the possibility of large numbers of cases in the next 2-5 years. However, the many uncertainties in the epidemiology and biology of this disease, which justify only a minimal set of assumptions to underpin the projections, mean that these numbers should be interpreted as representing the range of uncertainty rather than as absolute bounds on epidemic size. In particular, our results demonstrate that a wide range of epidemic scenarios are consistent with the vCJD case data to the end of 2001, such that 'best' estimates of future case numbers must be interpreted with caution.
As for other long-incubation-period diseases (Isham 1989; Ferguson et al. 1997) , in the absence of independent data on the incubation-period distribution or the infection rate, it is difficult either to predict accurately the scale of the epidemic or to estimate the mean incubation period from the observed case data alone while the epidemic is in its early stages. However, for vCJD it is possible to infer epidemic patterns consistent with the case data based on the pattern of exposure to BSE-infected material in the 1980s and early 1990s. Recent projections for vCJD in the UK by other groups have been based on much simplified assumptions regarding both the exposure pattern and the form of the incubation period distribution. Although the current results are less sensitive to the exposure pattern than in past analyses, they remain sensitive to the form of the incubation-period distribution. In particular, not allowing for the initial delay (Valleron et al. 2001) observed for many TSEs cannot be justified on the basis of currently available data and substantially reduces the range of scenarios that appear consistent with the case data.
As in previous work, our results demonstrate the importance of the length of the incubation period in determining the future course of any epidemic, with longer incubation periods resulting in larger epidemics. In contrast to other studies (Valleron et al. 2001 ) based on fitting to the same data, we were unable to estimate the mean incubation period. Indeed, unless the number of vCJD cases remains at a low level, it will be difficult precisely to estimate this quantity without independent data on infection rates (obtained, for example, through prevalence surveys). However, by relating the pattern of exposure to BSEinfected material to the time-series of vCJD cases, it is possible to obtain a meaningful lower 95% confidence interval for the mean incubation period, which we estimate to be ca. 7 years. This lower 95% confidence interval is increased to ca. 10 years by additionally conditioning on three of the current vCJD cases having been infected prior to 1986, as suggested by detailed research into the cluster of vCJD cases in Queniborough, Leicestershire (Bryant & Monk 2001) .
Our analyses confirm previous findings regarding agedependent susceptibility/exposure to infection (Ghani et al. 2000a) , with those aged 10-20 years at highest risk, and those aged over ca. 40 years at much lower risk. However, it should be noted that a wide range of agedependent susceptibility/exposure patterns remain consistent with the data. Again, given the limited number of vCJD cases that have arisen to date, our analyses suggest that it is not at present possible to infer any more precisely the degree of age-dependent susceptibility/exposure, as suggested by other studies (Valleron et al. 2001) . However, the patterns observed remain important to the design of large-scale unlinked anonymous testing programmes to determine the prevalence of asymptomatic infection (Ghani et al. 2000a) , particularly if such programmes use routinely removed tissues (such as tonsil tissues) that are not a random sample of the population of interest.
Unless the numbers of vCJD cases in the next few years show a significant decline, it is likely that predictions of Proc. R. Soc. Lond. B (2003) the primary epidemic based on case data alone will remain uncertain. In addition, such analyses are unable to provide any indication of the potential for secondary transmission of the agent, for example through blood products or via surgical instruments. Large-scale studies are currently underway to test tonsil and appendix tissues for the presence of PrPSc (Hilton et al. 2002) . Although the results of these studies will provide useful information on the prevalence of late-stage infection, their interpretation will be limited by our relatively poor understanding of the sensitivity and specificity of the tests throughout disease incubation. Furthermore, such studies are necessarily limited in scale by both the samples available and the limited automation of the detection process. The main priority therefore remains the development of a diagnostic test that is able to detect infection early in the incubation period and that can be applied to large population samples, both in the UK and elsewhere.
